Itch is a major somatic sensation, along with pain, temperature, and touch, detected and relayed by the somatosensory system. Itch can be an acute sensation, associated with mosquito bite, or a chronic condition, like atopic dermatitis (29, 59) . The origins of the stimulus can be localized in the periphery or systemic, and associated with organ failure or cancer. Itch is also a perception originating in the brain. Itch is broadly characterized as either histaminedependent (histaminergic) or histamine-independent (nonhistaminergic), both of which are relayed by subsets of C fibers and by the second-order neurons expressing gastrin-releasing peptide receptor (GRPR) and spinothalamic track (STT) neurons in the spinal cord of rodents. Historically, itch research has been primarily limited to clinical and psychophysical studies and to histaminemediated mechanisms. In contrast, little is known about the signaling mechanisms underlying nonhistaminergic itch, despite the fact that the majority of chronic itch are mediated by nonhistaminergic mechanisms. During the past few years, important progress has been made in understanding the molecular signaling of itch, largely due to the introduction of mouse genetics. In this review, we examine some of the molecular mechanisms underlying itch sensation with an emphasis on recent studies in rodents.
Histaminergic Itch Signaling
Since the discovery of histamine as a substance released from the skin in response to noxious stimuli (44) , histamine has remained one of the best known pruritogens, and its signaling mechanism is relatively better understood compared with that for other pruritogens. Histamine can evoke both itch and pain sensations (6, 37) . Mice lacking histamine receptor 1 (H1R) exhibited profound deficiencies in pain perception across a wide range of modalities, including acute and inflammatory models (49). Histamine is only marginally involved in chronic itch, and most types of chronic itch are refractory to anti-histamines. Histamine excites a subset of unmyelinated C fibers innervating the skin, and the signals are transmitted to the superficial layers of the dorsal spinal cord. These peripheral inputs then ascend to the thalamus through the anterolateral pathway and proceed to the somatosensory and the anterior cingulate cortex (18, 50) .
Histamine Receptor Signaling
Histamine receptors are members of the G-proteincoupled receptors (GPCR), and four receptors H1ϳ4R have been identified (26) . H1R is a major receptor implicated in itch sensation. H1R is coupled with G q proteins and activates phospholipase C (PLC) (4) . Activation of H1R increases calcium levels in cultured rat sensory neurons, and this is attenuated by a PLC inhibitor, U73122, and by calciumfree extracellular conditions (38, 54) . In rat dorsal root ganglion (DRG) neurons, H1R activation also stimulates phospholipase A2 (PLA2) and lipoxygenase (LOX), which results in a release of LOX metabolite 12-HEPTE (38) . Evidence indicates that H1R exerts its effect through activation of transient receptor potential cation channel V1 (TRPV1), an ion channel for transducing a plethora of external stimuli such as heat, protons, and capsaicin (10, 35, 38) . Diacylglycerol (DAG), a product of PLC␤ hydrolysis, can bind the capsaicin binding site and directly activate TRVP1 channel in rat DRG neurons (80) , consistent with the finding that H1R is coupled to TRPV1 through G q signaing. The connection between histamine and TRPV1 is also supported by the finding that histamine-induced Ca 2ϩ response in rat DRG neurons is attenuated by TRPV1 antagonists (38) . Further genetic studies indicated that mice lacking TRPV1 exhibited impaired scratching response to histamine injection (67) . Importantly, histamine evokes inward currents only when TRPV1 and H1R are coexpressed but not when either of which is expressed alone in HEK 293 cells (67) . Together, these studies favor a molecular link between H1R and TRPV1.
PLC␤3, a PLC isozyme, has been shown to be important for mediating histamine-induced Ca 2ϩ flux and scratching behavior via H1R in DRG neurons (25) . The PLC␤3 pathway is also required for mediating serotonin (5-HT) and ␣-Me-5-HT-evoked scratching (30) . In contrast, scratching induced by injection of endothelin-1 (ET-1), a potent pruritogen mediated by two endothelin receptors, ET A R and ET B R (16), remained the same in mice lacking PLC␤3. In fact, it is debatable whether ET-1-evoked scratching is dependent on histamine release (48) . Scratching evoked by ␣-Me-5-HT and ET-1 is not reduced in mice lacking TRPV1, suggesting that TRPV1 does not act as a pruritogenic effector for these two pathways (30) . This is intriguing given that ET A R and TRPV1 are co-expressed in DRG neurons and the former can potentiate TRPV1evoked current and sensitize nociception (51, 60) . It is possible that ET A R acts through TRPV1 only in nociceptive processing but not in pruriceptive processing. It is also possible that different members of a signal transduction molecule downstream of GPCRs may be involved in response to algogens vs. pruritogens. PLC␤3 was suggested to be dispensable for pain behavior (30) , but the finding that mice lacking PLC␤3 showed enhanced morphineinduced analgesia in terms of heat-evoked pain behavior suggests that PLC␤3 action is not itchspecific (81) . These results highlight the complexity of multiple intracellular signaling transduction pathways downstream of H1R that exist in DRG neurons, and it may be too simplistic to say which H1R-mediated signal pathway is involved in itch and which is in pain.
Several recent studies have implicated H4R in chronic itch, particularly in allergic and inflammatory states (5, 12, 20, 77) . However, most of these studies have been focused on nonneuronal mechanisms. Although there may be a difference between H1R and H4R pharmacology and molecular signaling in itch, it remains unclear whether differences of these two histamine receptors may be attributable to their association with TRPV1. Only limited literature concerning involvement of H2R and H3R in itch is available (66) . H2R is coupled with G s and produces cAMP (4) . In female BalbC mice, H2R agonist (dimaprit) failed to cause scratching, and H2R antagonist (cimetidine) could not inhibit histamine-induced itch in mice (5) . H3R is linked to G␣ i/o and inhibits cAMP production (43) . However, it is unclear whether H3R is expressed in DRGs. One study suggested no expression of H3R in mouse sensory neurons (28) , whereas the other indicated its expression as detected by RT-PCR (35) .
Interestingly, intradermal injection of H3R antagonists induced scratching in normal mice and in mice with mast cell deficiency (28) . Since H3R antagonists such as clobenpropit are also H4R agonists, these results suggest that H4R-mediated itch is not dependent on histamine release from mast cells. It appears the contribution of H2 and H3 receptors to peripherally induced itch transmission is minimal.
Nonhistaminergic Itch Signaling
Many types of chronic itch cannot be relieved by anti-histamine treatments and thus are likely to be mediated by nonhistaminergic mechanisms. Here, we focus on two nonhistaminergic pruritogens, cowhage and chloroquine (CQ), and potential underlying molecular mechanisms.
Cowhage and PAR Signaling
Cowhage is a classic nonhistaminergic pruritogen that causes intense itch when injected into the skin (65) . In both humans and nonhuman primates, insertion of cowhage spicules activates mechanically sensitive C fibers, whereas histamine activates C fibers that are mechanically insensitive (32, 33, 52, 64) . Unlike histamine, itch mediated by cowhage is not accompanied by weal, flare, and redness (33) . In the spinal cord of primates, histamine and cowhage activate separate populations of lamina I STT neurons (18) . The component of cowhage that causes itch is a cysteine protease called mucunain, which activates the protease activated receptors-2 and -4 (PAR-2, PAR-4) (61). Four PARs (PAR1ϳ4) have been identified, and all are GPCR family members (27) . Cleavage of the NH 2 terminus of the receptor generates a tethered ligand activating PAR itself (57, 73) . Mast cell tryptase acts on PAR2, trypsin acts on PAR2 and PAR4, and thrombin acts on PAR1, PAR3, and PAR4 (72, 78) . PAR1, 2, and 4 have been implicated in itch with PAR2/4 mediating nonhistaminergic itch (78) . PAR2/4 act through the G q protein and Ca 2ϩ signaling, whereas PAR1/PAR3 may have different mechanisms because they cannot be activated by mucunain as examined by Ca 2ϩ signaling (61) . It is unclear whether these PARs are also important for other types of pruritic response.
Clinical relevance of PAR2 in chronic itch has been suggested by the finding that PAR2 expression is increased in the skin of AD patients (72) and in a dry skin model (1) . In addition, dry skin-related scratching can be attenuated by PAR2 antibody (1) . Approximately 40 -60% of unmyelinated small DRG neurons coexpress substance P (SP), calcitonin gene-related peptide (CGRP), and PAR2 (73) . In the mouse dry skin model, the percentage of DRG neurons expressing PAR-2 is increased, and receptor activity, measured by cytosolic Ca 2ϩ flux, is potentiated (1). Although signal transduction pathways downstream of PAR2 in pruriceptive transmission are poorly understood, it is noteworthy that several TRP channels have been suggested to be effectors of PAR2 in nociceptive processing. PAR2 and TRPV4 are coexpressed in peptidergic DRG neurons, and PAR2 agonist evokes TRPV4-mediated Ca 2ϩ signaling. Currents in cultured DRG neurons can be blocked by PLC␤ antagonist (22) . PAR2 may act through TRPV4 in mechanical hyperalgesia (22) . Moreover, PAR2 is functionally linked to TRPA1 (15), a channel activated by cold, mustard oil, and cannabinoids (34, 74) . Approximately 80% of TRPA1 ϩ cells express PAR2, whereas 56% of PAR2 ϩ cells express TRPA1. In HEK 293 cells expressing TRPA1 and in DRG neurons, PAR2 activation potentiates currents evoked by TRPA1 agonists, and this potentiation can be attenuated by PLC inhibitors or phosphatidylinositol 4,5bisphosphate [PIP(2)] but not by inhibiting protein kinase C (PKC) activity (15) . Agonists of PAR2 also increased afferent signaling by sensitizing TRPV1. In addition to peripherally mediated primary hyperalgesia, this phenomenon may involve secondary hyperalgesia due to central sensitization (2, 14, 79) . TRPV1 is coexpressed with PAR2, but not with PAR1 or PAR3 in DRG neurons. In contrast to TRPA1, inhibitors of both PLC and PKC suppressed PAR2induced sensitization of TRPV1 such as Ca 2ϩ signaling and TRPV1 currents (2) . These results suggest that there are multiple PAR2-mediated intracellular signaling pathways for nociceptive processing. Thus it is likely that some TRP channels may be downstream effectors of PAR2 in pruriceptive processing as well.
Chloroquine and MrgprA3
CQ is a drug used to treat malaria. A prevalent side effect, particularly in Africans, is systemic pruritus (70) . The itch is often intolerable and is not responsive to antihistamines. MrgprA3, one of Mas-related G-protein-coupled receptors, has recently been suggested to mediate CQ-induced itch in mouse DRG neurons (45) . Mrgprs are orphan GPCR family members comprising ϳ50 Mrgprs in mouse, and they can be grouped into several subfamilies (19) . MrgprAs, MrgprB5, MrgprC11, and MrgprD are expressed in subsets of small-diameter DRG and trigeminal ganglia. Human MrgprXs are also expressed in DRG neurons, suggesting that Mrgprs may have some conserved roles in somatosensation (45) . The identity of the endogenous activators is not clear, although they are activated by RFamide peptides that have analgesic effects in vivo (58) . Targeted disruption of the Mrgprs gene cluster, including dozens of members in mice, resulted in enhanced mechanical and thermal pain hypersensitivity, indicating that Mrgprs may constitute an endogenous inhibitory system for nociceptive transmission (23) . In contrast, these mutant mice also displayed reduced CQ-induced itch responses, but histamine-induced itch was not affected (45) . CQ-mediated activation of MrgprA3 causes a rise in cytosolic Ca 2ϩ in HEK 293 cells expressing the receptor. Electrophysiological experiments confirm that CQ could induce action potentials in a small population of DRG neurons, and this required MrgprA3. These data suggest that MrgprA3 is a candidate receptor for CQinduced itch. However, it is unclear whether MrgprA3 has an indirect role in itch induction as a component of endogenous pain inhibitory system. MrgprA3 is coexpressed with GRP, raising the possibility that activation of MrgprA3 by CQ may promote GRP release from C-fibers and stimulate GRPR ϩ neurons in the spinal cord (45) . MrgprA3 is expressed by 4 -5% of DRG neurons and is a G qlinked GPCR. However, the specific downstream signaling pathway of MrgprA3 remains to be determined. PLC␤3 is unlikely to be involved in CQ-Mrg-prA3 signaling given that CQ-induced itch is normal in mice lacking PLC␤3 (30) . Since CQ-mediated itch is partially attenuated in mice lacking Mrgpr cluster, it is possible that other Mrgprs may also be required for CQ-induced itch in vivo. Likewise, it will be interesting to identify the specific PLC isoform that is downstream of Mrgpr and is required for mediating CQ-dependent itch in the future.
GRPR Signaling
GRP is a mammalian homolog of amphibian bombesin, a polypeptide initially isolated from the skin of the frog Bombina bombina (7, 31) . GRP is a 27-amino acid peptide that targets a metabotropic receptor, GRPR, that is also referred to as BB2. The other two closely related mammalian bombesin peptide-like receptors are BB1 or neuromedin B receptor (NMBR) that prefers to bind neuromedin B (NMB) and BB3, an orphan bombesin receptor subtype 3 (BRS3) (31) . These receptors are all GPCR members and have been implicated in a wide range of physiological activities including feeding, smooth muscle contraction, and regulation of sucrose intake (40, 55) . Mice lacking GRPR are grossly normal, suggesting that GRPR is not required for animal survival (24) . NMBR is important for thermoregulation but not necessary for smooth muscle contraction or for suppression of feeding behavior (56) . In the CNS, the physiological effect of GRPR has been studied in the anterior cingulated cortex, hippocampus, and amygdala (8, 42, 69) . In all these structures, GRPR is expressed by inhibitory interneurons, and GRPR mutant mice showed enhanced long-term potentiation and more persistent long-term fear memory.
In the DRG neurons, GRP is coexpressed with CGRP and SP, but not in Bandaireae simplicifolia isolectin B4 (IB4) ϩ fibers nor in myelinated fibers. Approximately 80% of GRP ϩ fibers express TRPV1 and project to lamina I and II o of the dorsal spinal cord (75) . GRP is also colocalized with MrgprA3 (45), suggesting that it may be an itch-specific neurotransmitter required for nonhistaminergic pruriceptive transmission. GRP is also colocalized with Toll-like receptor 7 (TLR7) that is necessary for mediating scratching evoked by a variety of pruritogens including CQ, PAR2 agonist, ET-1, 5-HT, and imiquimod (IMQ), a TLR7 agonist (46) . However, another investigation did not find scratching deficits in TLR7 knockout mice (39) . They also showed that IMQ evoked normal scratching in these mutant mice, raising the question of whether IMQ acts through TLR7 (39) . It remains to be determined whether the discrepancy between these two studies is due to the dose of pruritogens used or other factors.
GRPR is expressed in a subset of lamina I neurons of the spinal cord and does not overlap with neurons expressing neurokinin 1 receptor found in a majority of STT neurons. Interestingly, scratching behaviors induced by injection of bombesin into various species of animals were observed decades ago. Many earlier studies show that injection of bombesin into the brain or spinal cord evoked scratching/grooming behavior in a variety of animal species (mice, rats, guinea pigs, rabbits, and monkeys) (11, 21, 36) . Although underlying molecular mechanisms were unknown at that time, the pharmacological studies strongly imply that bombesin-induced scratching is a widely conserved behavior in animal phyla. Recent mouse genetic studies have begun to implicate GRPR as a key receptor for pruriceptive transmission in the spinal cord. Mice lacking GRPR exhibited compromised scratching behavior to intradermal injection of compound 48/80, a PAR2 agonist and CQ, but not to 5-HT, histamine, and ET-1 injections (76) . Intrathecal injection of a GRPR antagonist also inhibited scratching behavior evoked by a few pruritogens and by intrathecal injection of GRP. In contrast, GRPR mutant mice displayed normal heat, mechanical, and chemical pain behavior. These studies argue that activation of GRPR signaling is important for nonhistaminergic pruriceptive transmission but is largely dispensable for histaminergic itch. The partial attenuation of scratching behaviors in GRPR mutant mice implies that GRPR is not the sole itch receptor in the spinal cord. One likely explanation for this is that other mammalian bombesin receptor homologues such as neuromedin B receptor (NMBR) may compensate for the loss of GRPR in the spinal cord to varying degree depending on the type of pruritogenic stimulus.
The importance of GRPR as an itch receptor is further reinforced by two recent studies of the role of vesicular glutamate transporter 2 (VGLUT2) in itch (41, 47) . In primary afferent fibers, loading of glutamate into synaptic vesicles is primarily mediated by VGLUT2. Preventing the expression of this transporter thereby inhibits synaptic glutamate release. VGLUT2 in nociceptors is important for mediating acute pain, especially heat hypersensitivity because mice lacking VGLUT2 showed reduced heat pain (41, 63) . In contrast, mice lacking VGLUT2 in primary afferents expressing either TRPV1 or Nav1.8, the tetrodotoxin-resistant sodium channel subunit, exhibited enhanced pruriceptive transmission manifested by spontaneous scratching and increased scratching in response to several pruritogens (41, 47) . Interestingly, mice lacking both VGLUT2 and GRPR showed attenuated scratching behaviors relative to mice lacking VGLUT2 only, indicating that GRPR is a central mediator that can account for at least part of enhanced itch signaling (41) . Furthermore, activation of c-fos in GRPR ϩ neurons was observed in these mutant mice, suggesting a change of GRPR ϩ neuronal activity (47) . These results are in marked contrast with a reduced firing of lamina I neurons in response to heat and mechanical stimuli in VGLUT2 conditional knockout mice (63) . Therefore, GRPR appears to be an integral component of central itch signaling that is essential for relaying peripheral itch information to the brain, and GRPR ϩ neurons could be different from those lamina I nociceptive neurons responsible for mediating noxious thermal and mechanical pain mediated by glutamate release in the spinal cord.
The function of GRPR ϩ neurons was studied using intrathecal injection of the targeted cytotoxin, saporin conjugated to bombesin. Since bombesin binds to GRPR, it would permit the ablation of the dorsal horn neurons that express GRPR (76) . Ablation of GRPR ϩ dorsal horn neurons produced a marked scratching deficit in response to all pruritogens tested, both histamine dependent and histamine independent, but it did not affect pain behavior (76) . This study provides evidence that dorsal horn neurons that express GRPR are not required to sense pain. Although GRPR is more selectively involved in nonhistaminergic itch, the dorsal horn neurons that express GRPR relay both histaminergic and nonhistaminergic itch signals (76) . These studies suggest the existence of a labeled line for itch at the level of the dorsal horn that sends itch-specific information to the brain. The striking contrasting phenotype of itch and pain in mice lacking GRPR ϩ neurons poses several important questions: Do GRPR ϩ neurons project to the brain or to interneurons or both? The most unexpected finding is that loss of GRPR ϩ neurons appears to disable the function of STT neurons that is presumably directly required for ascending transmis-sion of pruritic information. This leads to other questions: What is the function of STT neurons in pruriceptive transmission? Is there a subset of dorsal horn neurons that transmits pain signal exclusively to the brain, in a manner analogous to GRPR ϩ neurons? What is the identity of the receptor for histaminedependent itch in GRPR ϩ neurons? Nonetheless, the identification of GRPR ϩ neurons argues that it is the spinal cord circuit that is required for discriminating itch from pain signals.
Other Neuronal Signaling Pathways in the Spinal Cord STT neurons have long been known to mediate both itch and pain signals (17, 29) . Approximately 80 -85% of STT neurons in lamina I of the spinal cord express neurokinin 1 receptor (NK1R) (71) . Pharmacological ablation of NK1R ϩ neurons in the spinal cord of rats by the use of SP-saporin attenuated both 5-HTinduced scratching and chronic pain behavior (9, 53) . These data provide functional evidence supporting that NK1R ϩ neurons and GRPR ϩ neurons are distinct populations, since the ablation of the latter in the spinal cord had no impact on 5-HT-induced scratching nor on nociceptive transmission (76) . Although NK1R in primary afferents was implicated in nonhistaminergic itch (3), little is known about its role in central processing of itch. Mice lacking SP encoded by the preprotachykinin A gene exhibited normal scratching response to 5-HT (13) . However, whether these mutant mice have deficits in response to other types of pruritic stimuli is unclear.
The function of dorsal horn inhibitory interneurons expressing transcription factor Bhlhb5 in itch has recently been studied in mice. Loss of these neurons during development resulted in an enhanced pruriceptive transmission (62) . Using a cheek model that permits more specific differentiation between itch and pain response, Ross et al. (68) found that formalin induced scratching instead of wiping, suggesting a switch from nociceptive to pruriceptive transmission in these mutant mice. In addition, the licking/flinching behavior in the second phase of the formalin test was increased. Given that licking/ flinching behavior may also have an itch component under certain conditions, one plausible explanation is that enhanced licking/flinching is suggestive of a central sensitization of itch. Bhlhb5-expressing inhibitory circuit may exert the action through inhibiting GRPR signaling or GRPR ϩ neuronal activity. A more detailed analysis of pain behaviors is necessary for addressing whether these inhibitory neurons are also involved in other aspects of nociceptive transmission.
Concluding Remarks
Recent studies of several putative itch-specific receptors and identification of subsets of dorsal horn neurons that are important for pruriceptive transmission in mice have set the stage for molecular and cellular deciphering of itch sensation. It is worth noting that research on itch signaling is still at its infancy, and basic mechanisms by which pruriceptive transmission is regulated have yet to be fully understood. At the molecular level, an emerging theme is that GPCR signaling is central to pruriceptive transmission, and each pruritogen is likely to provoke itch sensation through a unique GPCR signaling transduction pathway. Increasing evidence also points to the fact that many GPCRs important for itch also regulate PLC/Ca 2ϩ signaling in nociceptive processing. Thus multiple intracellular signal transduction pathways required for pruriception are likely to converge, cross talk, and even compete with nociceptive signaling in various settings. The findings that many pruritogens also activate nociceptive signaling in primary afferents and many classical "pure" algogens have been shown to be able to evoke itch underscore the complexity of the sensory transduction pathway that underlies sensation leading to scratching or withdrawal responses. This raises an important question of how pruriceptive and nociceptive signaling emanating from the same ligand is dissociated from each other. One of the major challenges is to understand how a specific Ca 2ϩ signaling pathway is activated in response to an itch vs. pain stimulus, how Ca 2ϩ signaling instructs downstream channels such as TRP channels to compute a specific signal into neuronal outputs for itch or pain. Accumulating evidence suggests that distinct isoforms or isozymes of signaling transduction components may be the key for differentiating between itch and pain signaling. Although a GPCR may be coupled to different types of channels to mediate itch vs. pain response, modality-specific signaling is likely to be dependent on cell types in which a receptor is expressed. Indeed, much evidence has been suggested that GPCR signaling results in tissue-specific responses, even those emanating from the same GPCR subtype. Since most GPCRs activated by individual pruritogens are expressed in many other tissues in addition to sensory neurons, it needs to be defined in the future as to which signaling process contributes to itch and in which cell.
Although pain research has no doubt provided illuminating insights into the fundamental mechanisms whereby the somatosensory system is able to detect and transmit external noxious stimuli from the periphery to the brain, it is the revelation REVIEWS PHYSIOLOGY • Volume 26 • August 2011 • www.physiologyonline.org of the differences between itch and pain signaling that would ultimately prove to be the key to answering why an itch is an itch and not pain. At the cellular level, it is important to determine whether itch-specific or pain-specific primary afferents exist, even though they may share some aspects of molecular expression profile. In the spinal cord, we need to establish the relationship between GRPR ϩ neurons and STT neurons and how these neurons relay itch to the brain. With the aid of mouse genetics, the door for improving mechanistic understanding of itch signaling and neural circuits has opened, and it is our hope that some GPCRs implicated in pruriceptive transmission may be potential targets that can be translated into novel therapeutics for chronic itch in the future. Ⅲ
